Background: The ability to communicate food benefits is essential for the successful development of functional foods and their role in improving public health. However, the functional efficacy of foods often cannot be represented by food composition. The concept of virtual food components (VFCs)Ffood data that express health-related effects, properties or functions of foods in the format of food componentsFis therefore proposed. Objective: To develop protocols for designing VFC data sets that communicate functional efficacies of foods to end users, in order to facilitate evidence-based food choice, and allow data management systems to provide a more complete description of nutritional effects of foods than has been possible with values for actual food components alone. Method: A framework within which to develop VFCs was constructed, linking food choice to health end points. It involves scientific validation, generation of relative indices, their translation into a meaningful language based on equivalents to known and understood reference foods, followed by data consolidation and ecological validation. Criteria used to evaluate VFCs were importance, independence, validity, accuracy, robustness, sensitivity, linearity/additivity, relevance, comprehensiveness, acquirability, completeness, meaningfulness, acceptability and safety. The developmental framework and evaluative criteria were applied to glycaemic glucose equivalents (GGE), a VFC representing postprandial glycaemia, and to wheat bran equivalents for faecal bulk (WBE fb ), a VFC representing faecal bulking efficacy. Results: VFCs were used to identify foods according to health-related effects that cannot be accurately predicted from food composition data, and were used in a nutrition management system to concurrently show nutrient intake and physiological effects in the same units. The proposed evaluative criteria identified points requiring further research, and showed that lack of integrity-tested VFC data is an immediate challenge. Conclusion: VFCs are a means of communicating relative functional efficacy of foods as a continuous variable, and provide end users with a more accurate and complete view of the health effects of foods than can be provided by health claims or food composition data alone.
Introduction
The health-related effects of foods are often so dependent on food properties that the effects cannot be adequately represented by food composition data alone. As a result, nutrient data can be unhelpful, or even misleading to end users, and there is an urgent need for measures of functional efficacy that can be used to accurately guide evidence-based food choices for health (Monro, 2000a) .
Despite the enormous increase in the number of functional foods, there is little information akin to food composition data to help end users, such as consumers, dietitians and food developers, to choose foods by efficacy. There has been a great deal of discussion about biomarkers of functional food effects (Clydesdale, 1997; Milner, 2000; Crews et al, 2001; Saris et al, 2002) , as a basis for health claims to control consumer behaviour. However, very little has been said about how to give end users control, by providing forms of information that enable accurate discrimination between foods based on the extent to which they modulate physiological states linked to health.
The importance of better means of communicating food effects has been stressed (Diplock et al, 1999; Monro, 2000a) . One of the 'Key Messages' to arise from the European Commission Concerted Action on Functional Food Science in Europe (FUFOSE) report, Scientific concepts of functional foods in Europe: Consensus Document (1999) (Diplock et al, 1999) , was 'A function-based rather than a product-based, approach has been proposed whereby the scientific basis of functional foods can be linked to the communication of their benefits to the public. The ability to communicate these benefits is essential for the successful development of functional foods and their role in improving public health'. However, although the problem of communicating functionality is frequently acknowledged (Diplock et al, 1999; Roberfroid, 2000; Weststrate et al, 2002) , none of the 33 EUfunded research projects on functional foods is devoted to communicating food information (Lucas, 2002) , which is surely a prerequisite to relevance.
One way of expressing the functional efficacy of food, when it cannot be represented by a nutrient value per se, is to express the food effect as if it were a food component, that is, as a virtual food component (VFC). When the efficacies of foods as agents of change to a health end point are expressed in the form of values for the foods, a direct comparison of the foods in terms of effects or functionality is possible. Furthermore, the values can be used in conjunction with true food composition data, to allow nutrient intakes and the effects of food properties to be monitored concurrently (Monro & Williams, 2000) .
VFCs for two food effects are presently undergoing development:
Glycaemic glucose equivalents (GGEs): a measure of the relative glycaemic impact of a food (Monro & Williams, 2000; Monro, 2002a,b) , intended for use in control of postprandial glycaemia, for which health end points include numerous serious long-term complications of glycaemia and hyperinsulinaemia (Hauner, 2002) . GGE was designed to overcome limitations of available carbohydrate and glycaemic index (GI) in dietary management of glycaemia. Wheat bran equivalents for faecal bulk (WBE fb ) (Monro, 2001 (Monro, , 2002a : designed for the dietary management of faecal bulk, which is linked to laxation and to a number of end points collectively embraced by 'large bowel health' (Schneeman, 1998) . WBE fb was intended to overcome the inaccuracy of dietary fibre as a predictor of faecal bulk.
The utility of such measures as GGE and WBE fb , guidelines for their development and use, and criteria with which to assess them have not yet been discussed in detail. As a result of the potential value of VFCs in a world of functional foods, they are the focus of this paper. The VFC concept is explored as a means of representing and communicating to consumers the likely effect of certain food properties and functions that cannot be predicted from usual food composition data. Steps taken in creating a VFC are outlined, criteria for evaluating VFC quality are suggested, and their application is demonstrated with reference to GGE and WBE fb .
Methods
Sources of data Available carbohydrate data were obtained from the New Zealand Food Composition Database (FOODfiles 2001 (FOODfiles , 2001 . Corresponding GI values measured on New Zealand Foods were used where available (Perry et al, 2000) , but most values were obtained from the International Table of Glycaemic Index (Foster-Powell & Miller, 1995) and were used only when measured on foods closely matching those in the New Zealand Food Composition Database.
Dietary fibre contents were total dietary fibre (TDF) determined by the AOAC methods 985.29 (Prosky) or 991.43 (Lee/Prosky) (Cho et al, 1997 (Monro, 2000b (Monro, , 2002c , and unpublished values. FBIs are calculated as the increase over baseline in rehydrated faecal weight induced by a food, as a percentage of the increase due to consumption of an equal weight of wheat bran reference.
A framework for developing a VFC A framework for developing and understanding VFCs is presented in Table 1 . Key elements are listed, as are the processes that must connect each of the elements if the overall link between choosing foods and health outcomes is to be made, and a functioning VFC achieved. Key elements include the end point that is the reason for the VFC, an intermediate indicator that is necessary because the end point cannot often be used as a validating outcome, component-referenced indices (CRI) and food-referenced indices (FRI) to allow a value to be assigned to the relative ability of food components and/or foods to affect the end point, and the VFC which is based on the FRI, and is necessary to confer meaning on relative efficacy by linking it to experienced efficacy (Table 1) . coronary thrombosis, entry into a diagnostic category such as type II diabetes or death.
Intermediate indicator: An intermediate indicator may be an intermediate end point that has been accurately established as leading to, or indicating progression towards, the health end point, or it may be a marker of exposure to a dietary component that is a causal factor in the end point state. A number of general requirements of intermediate end points and markers have been suggested (Diplock et al, 1999) ; they should be feasible, valid, reproducible, sensitive and specific.
CRI: A CRI shows the impact of a food component or its properties on the intermediate indicator relative to the impact of an equal amount of the component in a reference food.
CRI ¼ ðeffect of food component=effect of equal amount of component in a referenceÞÂ100
A bread-referenced GI value is an example of a CRIFit compares the glycaemic effect of available carbohydrate in a food with that of an equal amount of reference available carbohydrate in white bread. In terms of positive effects, the CRI is a measure of component efficacy. The usefulness of CRIs in food comparisons is limited, because the comparisons must be restricted to foods or food quantities that involve the same quantity of the food component. In other words, they demand equi-component comparisons.
FRI:
An FRI is a measure of the impact of a food, relative to that of an equal amount of reference food, which means that the FRI of the reference food is always 100.
FRI ¼ ðeffect of food=effect of an equal amount of referenceÞÂ100
The reference for an FRI should be chosen on the basis of its suitability as a standard against which to measure a wide range of foods and degrees of potency, so that as many foods as possible may be compared on the same basis.
The efficacy of any food with an FRI value may be expressed as equivalents to any other food that has an FRI value. FRIs are food-addressed measures of efficacy.
An FRI can be derived from a CRI if the amount of the component in a food is known. Thus, where the amount of component present is c g/100 g of food,
FRI ¼ ðc=100ÞÂCRI
VFC: A VFC is obtained when the effect of a food property, or the property, is expressed as gram equivalents of a reference food that is meaningful to consumers, in a given weight of food. Making VFC a function of food quantity allows it to be used as if it were a nutrient within the variable patterns of food choices and intakes that typify living. When stored in a food composition database as g/100 g food, like other nutrients, VFC is numerically equal to FRI. (Diplock et al, 1999) .
Component addressing: Component addressing is relating the effect of a food component on the intermediate indicator to the activity of an equal amount of the component in a reference food. For instance, the act of relating the effect of available carbohydrate in a food to the effect of an equal amount of available carbohydrate in white bread, is addressing the available carbohydrate component in food to the reference.
Food addressing: Food addressing is relating the effect of a food on the intermediate indicator to the effect of a reference food, and may involve transforming a CRI into an FRI, so that relativities between foods per se rather than between components within foods become the basis for determining relative efficacy. Food addressing improves relevance, because diets consist of foods, not of food components, and food properties are not component properties.
Reference-linked translation: Reference-linked translation is an important step in which FRIs that were based on comparison with a reference suited to measuring the range of potencies of foods are re-expressed in terms of a reference that will convey meaning through being known and understood by consumers. Reference-linked translation produces the VFC in the form that it will be used and expressed, as a content in any given weight of food.
Since the FRI of a food is a percentage efficacy relative to a reference food, if the same reference is used to generate both the FRI and VFC, the VFC per gram of food is given by
The reference equivalents (VFC) per weight of food (W) is given by VFC ¼ WÂFRI food =100ðgÞ
If the reference at the translation step is changed, the expressions become VFC=g ¼ FRI food =FRI reference ðgÞ and VFC ¼ WÂFRI food =FRI reference ðgÞ Data consolidation: Data consolidation is the process of building and validating data sets to be both large and robust enough to help in food choice for a range of consumers eating a range of diets. It involves measuring the generality of effects of foods on the intermediate indicator, under conditions that are standardised enough to allow large numbers of different foods to be compared, and varied enough to establish robustness of the relation between the food property and its effects.
Ecological validation: Ecological validation involves establishing that a VFC can be used as a practical predictor of the effect of a food on the intermediate indicator in a community setting, to guide food choices for health. Setting up a VFC with thorough research and measurement is a starting point. It is an even greater challenge to establish the ecological validity of a VFC by showing that it really does make a difference to community health, or could make a difference if appropriate support, such as education, were available.
Criteria for assessing VFC data sets A number of criteria that may be used to assess the quality of VFC data sets are listed below:
Importance: Does the health end point affected by the VFC contribute materially to well-being? VFCs that do not contribute materially to health should be avoided as they would add to the already existing overload of nutritional information, without useful benefit.
Independence: If foods have a material effect on health that is independent of food composition data, there is a need to develop a VFC to express the effect. Even when a significant statistical relation exists between the amount of a component in a set of foods and a physiological effect, differences between particular foods may be so great that a VFC is necessary to enable efficacy to accurately guide food choice. For example, Figure 1 shows that a close relation exists between carbohydrate and relative glycaemic impact, but differences in GI mean that foods of similar carbohydrate content can differ greatly in glycaemic impact. Similarly, faecal bulking is not statistically independent from dietary fibre content in a set of foods, but, as Figure 2 shows, dietary fibre is a poor guide to the faecal bulking efficacy of any given food.
Validity: Validity is particularly important at two points in the health end point-VFC continuum. Firstly, the changes to an intermediate indicator through which the effect of a food on the final end point is predicted must be directly related to changes in the health end point. Secondly, the VFC must predict changes to the intermediate indicator or end point to be valid.
Accuracy: VFC values should enable foods to be discriminated from one another on the basis of efficacy with enough accuracy for the food choices to materially affect health. Accuracy is likely to be improved if the effect or property represented by a VFC is measured directly as an FRI. Deriving an FRI from a CRI will lead to compounding of errors, such as occurs when deriving GGE from GI and carbohydrate content. Using a reference material that does not vary in its health-relevant properties will also improve accuracy.
Relevance: A VFC exhibits relevance if:
1. it represents properties and functions of foods, not of food constituents, because people choose and eat foods, 2. consumers can relate to the VFC well enough for it to be understood, accepted and used, 3. the food choices that it facilitates contribute materially to health.
Meaningfulness: A VFC is meaningful to consumers if the reference material in terms of which it is expressed is identifiable and of known action, because it then enables the consumer to predict the effect. Properties of the reference that contribute to meaningfulness are its familiarity, availability, effectiveness and the extent to which its effects are known and understood.
Acceptability: The terms in which a VFC is expressed are likely to affect its acceptance and use by consumers.
Robustness: To be robust, a VFC content, that is, the activity represented by a VFC, should be constant per unit weight of food within a reasonable range of food intakes, so that it can be applied simply over the full range of food intakes encountered in usual diets.
Robustness also implies that a VFC concentration in a food (g VFC/g food) should be constant in a range of situations in which a food is consumed, whether as individual items and as part of food mixtures such as meals. As a large amount of food is consumed in the form of meals, it is desirable that food data be useable to predict the effect of a meal as the sum of the effects of the individual foods comprising it, and therefore be independent of effects of other foods. This criterion applies to real and virtual food components.
Sensitivity: The VFC dose contributed by a food must change in parallel with changes in the effects of a food on the health end point. The slope of the relation between the VFC dose contributed by a food, and the effect on the health end point must be great enough for differences in VFC to appreciably affect health in usual diets.
Linearity/additivity: It is most desirable that the relation between the VFC and the intermediate indicator or health end point be approximately linear over a realistic range of intakes, and does not underestimate negative impact at high intakes, when the effect on health may be greatest. Consumers cannot be expected to adjust food choices to fit a curvilinear response, or add contributions of a VFC from different foods in a meal and then adjust for nonadditivity. However, in the real world, where approximations are a practical necessity, exact linearity is probably neither necessary nor achievable.
Comprehensiveness: Comprehensiveness is built through data consolidation. VFC data sets should contain enough VFC values for a working database to be created for use with modern nutrient management systems, to provide an ongoing and thorough analysis of nutrient intake in a wide range of meals. If necessary, laboratory Figure 1 Relation of glycaemic glucose equivalents (GGE) to available carbohydrate (&, ------) content (%) and glycaemic index (%) (E, ----) of a range of foods from an educational resource for managing type II diabetes. Neither available carbohydrate nor GI predicted glycaemic impact accurately enough to be used for selecting individual foods. Figure 2 Relation between hydrated faecal weight (mean7s.e.m.) and dietary fibre intake (g/100 g) in breakfast cereals, showing that dietary fibre content was not an accurate enough predictor of faecal bulking action to be used to select individual foods. measurements and model systems, or data matching should be admitted to allow a functional database to be constructed with a large number of integrity-tested interim values. Progress towards an optimally performing VFC data set may need to start with a large proportion of interim data with gradual improvements as the data set is consolidated with clinical and clinically validated measurements.
Acquirability: Acquirability refers to the ease with which comprehensiveness is attained, but more specifically to the ability to acquire new data to keep the data set up-to-date, and keep pace with the appearance of new foods. VFC measurements may therefore need to be able to be measured easily and economically, or to be easily approximated in validated laboratory measurements.
Completeness: Completeness is achieved when VFC values are able to be used simply and directly, without requiring consumers to carry out further calculations at the point of food choice. For instance, the need to combine GI, carbohydrate content, and food intake to obtain a measure of glycaemic impact means that consumers are likely to either misuse GI, by assuming it to be a guide to glycaemic impact, or, if they realise that GI does not indicate glycaemic impact, to not bother with the calculation of GGE intake (food wt Â carbohydrate content Â food GI/10 000). GGE values, on the other hand, can be used directly to guide food choice.
Safety: If variation in the value for the food property within a food, or a reasonable degree of error in the value is not a threat to health, it can be considered safe. Establishing upper safe limits for a VFC, as for nutrients, is another matter, and involves relating accurate VFC intakes to physiological outcomes.
Results
The development of two VFCs designed to show relative glycaemic impact, and relative faecal bulking efficacy, are described. GGE GGE content expresses the glycaemic impact of a food. GGEs were derived to assist in dietary management of postprandial glycaemia, and are at present derived entirely from a combination of GI and carbohydrate content, rather than being measured directly as an FRI. GI is the incremental area under the blood glucose response curve (DIAUC) for carbohydrate in a food as a percentage of the DIAUC for an equal amount of glucose (Table 2) .
Food addressing is achieved when GI, which is a CRI, is converted to an FRI, relative glycaemic potency (RGP) (Monro, 1997 (Monro, , 1999 by adjusting for the amount of available carbohydrate (CHOAVL) present in a food:
Reference-linked translation involves expressing RGP as equivalents to the glucose reference (GI ¼ 100), by redefining RGP as the number of glucose equivalents per 100 g of the food. As the VFC is developed in the context of glycaemic control, the VFC units in this case were called glycaemic glucose equivalents (Monro & Williams, 2000) . Table 2 Example of a VFC:GGE
Key element

Relevant end point
Numerous complications of hyperglycaemia and hyperinsulinaemia especially related to microvascular and macrovascular disease (Brownlee, 2001) . Intensive control of glycaemia is a key element in delaying complications of diabetes and the metabolic syndrome (Zimmet et al, 2001 (Monro, 1997 (Monro, , 1999 . RGP=GI Â %CHO/100. VFC (g reference equivalents) RGP expressed as glucose equivalents/100 g food, allowing it to be treated as a food component (Monro & Williams, 2000 , Monro, 2002a . Using glucose (GI=100) as the reference, and expressing glycaemic potency as GGEs per gram of food: GGE/g=1 Â RGP/100=GI food Â % CHO/10 000.
VFC per serving GGE/serving=wt serving Â GI food Â % CHO/10 000.
Definition of VFC GGE is the weight of glucose that would have the same glycaemic impact as a given amount of food.
Dividing by 100 gives the GGE per gram of the food,
The intake in W grams of food is GGE intake ¼ WÂ%CHOAVLÂGI food =10 000ðgÞ
In developing GGE, glucose was used as the reference for the CRI, FRI and VFC stages of development (Table 1) . The GGE content per serving is the same as glycaemic load/ serving (Foster-Powell et al, 2002) , when glycaemic load (Salmeron et al, 1997) has been contracted to a single intake event, and converted to a glucose-referenced rather than a bread-referenced GI.
WBE fb WBE fb (Table 3) for a given amount of food was derived from the FRI, FBI. FBI is defined as the increment in fully hydrated faecal bulk induced by a food as a percentage of the increase because of consumption of an equal weight of wheat bran (Monro, 2000b) . It is, therefore, also the weight of wheat bran that would give the same faecal bulk as 100 g of the food. As the wheat bran reference is not a food component, but is a food, the development of WBE fb did not involve a CRI, but started at the FRI stage. Wheat bran (FBI reference ¼ 100) was also used as the reference in deriving the VFC (WBE fb ) because it and its effects are well known. Therefore, the faecal bulking effect of W grams of a food did not require a term for food composition, and could be expressed simply as WBE fb ¼ WÂFBI food =FBI reference ðgÞ ¼ WÂFBI food =100 ðgÞ Table 4 gives examples of the GGE and WBE fb content of a few foods. Figure 3 shows a theoretical meal analysis that includes GGE and WBE fb . The graphical presentation in Figure 3 makes the distribution of glycaemic load clear, and shows an excessive loading in the afternoon and evening. After modifying the diets, an improved distribution of glycaemic load throughout the day is obtained, as shown in Figure 4 .
Applying VFC evaluation criteria to GGE and WBE fb GGE and WBE fb are evaluated in Tables 5 and 6 , according to the criteria suggested above. Relevant end point A range of large bowel disorders: certainly constipation, and probably diverticulitis and colorectal cancer (Schneeman, 1998; Kritchevsky, 2001 ).
Intermediate indicator Distal colonic bulk represented by faecal bulk.
CRI TDF is the food component used as an indicator of faecal bulking efficacy, although it is not usually used in the form of an index.
FRI
Faecal bulking index (FBI): increase in faecal bulk because of a food as a percentage of the increase due to an equal weight of wheat bran, may be measured in a validated rat model. WBE fb (Monro, 2001 ).
VFC (g reference equivalents)
Using wheat bran (FBI=100) as the reference, and expressing faecal bulking efficacy as wheat bran equivalents for faecal bulk (WBE fb ) per gram of food: WBE fb /g=1 Â FBI food /100.
VFC per serving WBE fb /serving=wt serving Â FBI food /100.
Definition of VFC
The WBE fb content of a given amount of food is the weight of wheat bran that would increase faecal bulk to the same extent as the given amount of food. The need for a VFC to represent glycaemic impact is illustrated in Figure 1 . RGP as GGE/100 g food has been shown to predict blood glucose response, but for any given RGP in Figure 1 the range of carbohydrate contents, and even more so, the range of GI values, is far too great for carbohydrate or GI alone to be used to predict blood glucose response with any certainty for any food. The problem is exacerbated when different serving sizes are taken into consideration. There is clearly a need for a VFC to represent the combined effect of carbohydrate quality (GI), carbohydrate content, and food intake, all of which determine glycaemic response to a food.
In the case of the faecal bulking effects of foods, and their dietary fibre content which is usually assumed to be a reliable consumers' 'guide' to 'inner health', Figure 2 shows that for any given faecal bulking effect, dietary fibre values vary enormously between foods. Dietary fibre is clearly not an adequate predictor of faecal bulk, so there is a need for a VFC to represent faecal bulking (Monro, 2000d) .
The evaluations in Tables 5 and 6 help to highlight areas that require further work before the VFCs are well developed. Tables 5 and 6 identify a current lack of VFC data as a major problem, and also the need for further testing to establish the limits to use of the VFCs, in other words, their robustness.
Applying VFCs
In theory, carefully chosen VFCs could be used alongside nutrients in nutrient information panels. They are most likely to be included in food composition databases and used as a resource to guide food choices for health. Linked to nutrient management systems they would allow nutrient intakes and food effects to be managed concurrently (Monro & Williams, 2000) . Figures 3 and 4 show theoretical examples of outputs from a computerised nutrition management system, giving the composition of meals throughout the day. Figure 3 shows meals in which the distribution of daily glycaemic load is spread unevenly across meals. After dietary modification the more even distribution of GGE intakes is easily seen.
Discussion
This paper has shown the derivation of VFCs, proposed criteria for assessing VFC quality, and then illustrated the processes with reference to two VFCs undergoing development, GGE and WBE fb . Glycaemic response and faecal bulking have characteristics that make them clear candidates as VFCs: the intermediate indicators are simple variables that are easily and accurately measurable, are linked to definite health end points, and cannot be reliably predicted from the composition of foods.
VFCs may be most easily used to represent effects of emergent properties of foods that result from complex interactions between food and host in the gut. The disparity between effects predicable from food composition, and actual food effects, is particularly pronounced for those effects that depend on functional polymers, food matrices and plant tissues in foods, which often act through structures and interactions that retard gut processes (Schneeman, 2002) . For instance, health benefits of limiting the rate and extent of digestion (Björk, 1996; Juntunen et al, 2002) , or altering the properties of the intestinal chyme (Lund et al, Figure 3 Macronutrient and VFC profile of five meals determined using a nutrition management system. The printout concurrently displays intake of macronutients, and food effects on glycaemia and faecal bulk, expressed as glycaemic glucose equivalents (GGE) and wheat bran equivalents for faecal bulk (WBE fb ), respectively. 1989; Ellis et al, 1996) depend on structural features of foods that are not measured in nutrient analysis. The gut can be regarded as an intermediate compartment, in which the digestive milieu and processes intervene to affect bioavailability, absorption, mucosal reactions and other gut responses important to physiological processes beyond the gut, even when the specific biochemical activity of absorbed molecules is unaffected. Nonetheless, food data that reflect the critical mediating role of the intermediate (gut) compartment on the nutritional impact of foods have not been available to guide food choice.
Faecal bulk, for instance, is a discrete variable, but is the result of digestibility of food as a whole, endogenous secretions, fermentability, bacterial growth and water-binding capacity, that cannot be predicted from a food component. Indeed, WBE fb was developed partly in response to the inaccuracy of dietary fibre as a predictor of faecal bulking effects, and also in response to recent moves to include diverse food componentsFoligosaccharides, resistant starch, viscous soluble polysaccharides and othersFwith differing physiological effects, within the ambit of 'dietary fibre' (Standing Committee on the Evaluation of Dietary Reference Intakes of the Food and Nutrition Board, Institute of Medicine, The National Academies and Health Canada, 2000; Monro, 2003b) . The meaning of dietary fibre has now extended so far beyond its original conception, as 'roughage' leading to faecal bulk, that a dietary fibre value has become useless as a guide to any particular physiological effect of a food, including faecal bulking potency. WBE fb is an example of a VFC that would restore the informing function of nutrient data, because it is a direct indicator of a specific effect that cannot be represented by dietary fibre or any other actual food component.
Blood glucose is another simple variable, but is a net result of food structure, digestibility, monosaccharide composition, digesta viscosity, absorption and rate of cellular uptake of glucose from the blood. VFCs for blood cholesterol, postprandial lipidaemia, and more complex effects such as atherosclerosis, gut immunocompetence and satiation might also be possible, provided they meet the criteria proposed in this paper. In the case of postprandial lipidaemia and hypercholesterolaemia, for instance, it would need to be demonstrated that food effects could not be adequately predicted from any food component, such as total fat or saturated fat.
VFCs may be useful to represent food effects that result from a collection of compounds of similar action. Differing monosaccharides may have glycaemic effects to different degrees, but the combined action of them is represented by a single value for GGE content. Similarly, the oestrogenic activity of diverse xenoestrogens may be expressed as an oestrogenic index, or the antioxidant activity of diverse Table 5 Evaluation of glycaemic glucose equivalents
Criterion Comments
Importance Control of glycaemia is critical to minimising the long-term complications of diabetes (Brownlee, 2001 ). Independence GGE values give different rankings of foods by glycaemic impact than are obtained using GI or carbohydrate content, and provide a measure of glycaemic impact of meals that is not provided by a meal GI (Monro, 2002b) . Although GGE is strongly related statistically to carbohydrate content in a population of foods (Figure 2) , the glycaemic effect of any given food cannot be reliably predicted from its carbohydrate content alone. Validity GGE is a valid predictor of glycaemic response to individual foods (Liu et al, 2003) . Further research is required to validate GGE content as a predictor of the glycaemic impact of meals of differing composition. Accuracy Accuracy has been generally good in limited studies (Liu et al, 2002) . Relevance
Relevance is good in the sense that, in GGE, glycaemic impact is expressed in terms of the effect of a widely known and accepted material, glucose. GGE should be as easily used as any nutrient currently displayed in nutrient information panels. Robustness
This has not been fully tested, especially in the context of meals of varying size and composition. As GGE is calculated from GI, it is subject to a number of influences that affect GI, such as acidity, lipid content, meal size, osmolality, and so on. Sensitivity Sensitivity is goodFwithin a GGE intake range of 10-48, and a blood glucose response (iauc) range of 79-820, the relationship is IAUC=18 GGEÀ6 (R 2 =0.84), based on data in Liu et al (2002) . Linearity
Blood glucose response is a linear function of GGE intake. iauc per GGE intake was reasonably constant over a wide range of carbohydrate intakes (Liu et al, 2002) . Research is required to establish the limits within which glycaemic impact in a meal can be represented by simple summation of food GGEs.
Comprehensiveness
Many more values are required to build a functioning GGE database Acquirability Acquirability is a problem because of the expense of clinical measurements of blood glucose responses. In vitro digestion with appropriate correction factors, and integrity-tested estimates based on product and data matching will be required for interim data. Completeness GGE can be used as is.
Meaningfulness
Not yet tested in community setting. Consumers are generally familiar with glucose as a diet component, and with its physiological role as an energy source. The understanding that dietary glucose affects blood glucose is easy to convey. Acceptability Glucose is widely used and accepted, so glucose equivalents should be readily accepted. Safety At high carbohydrate doses response per GGE is likely to be overestimated. Therefore, if any discrepancy between GGE intake and predicted glycaemic response exists, it is likely to lead to conservative glycaemia management at high carbohydrate intakes.
antioxidants as an antioxidative index, from which VFCs could be derived when suitable reference foods are identified. As VFCs are designed to be included in nutrient information panels and nutrient management systems, from where they can guide food choices for health, they will be required to meet stringent standards. It is worth noting that they represent objectively measured variables that are determined by food-host interaction, and therefore have a physiological component. They are, however, not dissimilar to saturated fat, cholesterol, folate and sodium, insofar as such food components are included in nutrient information panels because they have an impact on certain health end points.
Health claims associated with VFCs are a separate question, and would require criterion intakes to be identified. A daily intake of 90 WBE fb has been calculated to be required for protection against large bowel disease (Monro, 2003a) , based on epidemiological observations that 200 g of faecal bulk is required to maintain large bowel health (Spiller, 1993) , and trials showing that wheat bran dietary fibre causes an increase of 5.1 g faecal bulk/g dietary fibre (Cummings, 1993) . In the case of GGEs, the enormous individual variability in responsiveness per GGE means that an individual upper limit (IUL) would be a more appropriate guide to intakes than a recommended intake. An important benefit of VFCs is that they may be used to provide a continuous objective measure of efficacy of foods with which to make comparisons with respect to a function, and thereby free end users from dependence on health claims, which are imprecise, often abused, but to date have been the only way that functionality has been communicated.
As VFCs are derived from FRIs they represent whole food effects, even though expressed as if they were food components. Although VFCs apparently emphasise food components, rather than whole foods in the form in which they are eaten, they in fact do exactly the opposite, by presenting whole food effects as continuous variables that are a linear function of food intake. They are a means of introducing the relevance of whole food properties, to quantity-dependent values, for use in evidence-based food choice.
The analysis of GGE and WBE fb in Tables 5 and 6 showed that the greatest challenge facing the development of VFC databases is consolidation of dataFaccumulating enough data of sufficient quality to provide a 'living' database that is not only useable, but which makes a difference to health through its impact on food choices. Strategies for consolidating VFC data sets are therefore an important consideration.
Determining VFC values for all foods that are chosen for Table 6 Evaluation of wheat bran equivalents for faecal bulk
Criterion Comments
Importance Modern diets typically provide inadequate intakes of potential faecal bulk (Cummings et al, 1992; Birkett et al, 1997) . Many large bowel disorders may be attributed to lack of faecal bulk (Kritchevsky, 2001) . Independence
Dietary fibre is not a reliable predictor of the faecal bulking efficacy of foods, particularly within the range of dietary fibres in most foods (Monro, 2002d) , even though fibre and bulk are statistically related. Validity Faecal bulk plays an important role in protecting against a range of large bowel disorders, and is one of the critical factors in maintaining large bowel function (Schneeman, 1998; Kritchevsky, 2001) . Accuracy
The animal model as used for the faecal bulking assay responds very similarly to humans in terms of dry matter output and posthydration water content, and gives precise measurements (Monro, 2002c) . Relevance WBE fb is a measure of a food response, expressed in terms of a common food ingredient (wheat bran) with a reputation for its large bowel effects more than for any other (Oniang'o, 1998) . Hard red wheat bran is widely available and widely consumed, familiar, and is an archetypal 'roughage' known for its faecal bulking effects. A drawback is that it may vary between batches. Robustness Further research is required to define effects of interactions between foods on faecal bulk. For instance, in high fat diets, viscous nonstarch polysaccharide may interfere with fat absorption, giving high faecal fat (Chen et al, 1998) . Linearity/additivity Limited trials have shown that psyllium, wheat bran and oats were additive (unpublished). Response between 0 and 28% wheat bran fibre was linear in the rat FBI model (Monro, 2002c) . Further research is required to establish linearity/additivity limits in mixed diets. Sensitivity Sensitivity is ensured by the good precision for measurement of faecal bulking increments (Monro, 2002d) , and the direct relation between faecal bulk and defecation. their contribution to health is likely to be impractical in the short term, given the range of syndromes involved. The problem of data shortage is not as easily overcome as it is for nutrients, because measuring food effects requires living systems, and foods must often remain in the state in which they are swallowed to retain their physiological or functional properties, making data acquisition more demanding than in simple nutrient analysis. An alternative approach to obtaining interim VFCs is to determine the influence of a number of combinations of food matrices and sets of processing conditions on a VFC, so that the properties of foods can be reasonably extrapolated to others based on a similar 'food platform', given that a large number of foods are based on similar ingredients and processing conditions. Where food composition data are unable to supply consumers with the information required to make healthier food choices, and a VFC is clearly needed, it will be necessary to decide the levels of confidence, or the levels of advantage over food composition data that are required, before a VFC data set that is still undergoing development is put into practice. In cases where even a small step forward in developing a VFC data set is an improvement over food composition data, it should be possible to use the data at an early stage of development, as long as enough interim values are available to make a functioning data set, and the integrity of the data has been established. If health and label claims can be made about VFCs, food manufacturers would supply data, as they now do for nutrients.
Variability in foods is a problem common to all food composition databases, and applies equally to real and virtual food components. Databases attempt to minimise the problem with adequate sampling and accurate analysis, but because of natural variability data for any food sample will seldom agree exactly with database values.
Individual responsiveness to virtual and real food components is also likely to vary. However, individual responsiveness is not part of the derivation of VFCs, because they are measures of relative efficacy, in which foods are compared with a reference food. The actual effect of a VFC in an individual will depend on the individual's responsiveness. But when individual responsiveness has been determined, the individual should be able to use VFC values to choose foods to stay within physiological limits identified as appropriate. For example, the elevation of blood glucose induced per GGE unit will depend on glucose tolerance, so that when a person has determined his/her GGE sensitivity, GGE values will allow him/her to choose foods to stay below an upper limit, which could be added as a horizontal line in Figure 4 .
The aim of VFCs is to be empowering, by giving end users the ability to influence a health effect through their own actions, namely choosing and consuming foods. However, they are not intended for use in isolation from nutrients, or from lifestyle changes for improved health. VFCs are no different from other nutrients in this respectFthe need for a comprehensive approach to make nutrient information instrumental in dietary change applies all food components, real and virtual, that might appear in a nutrient information panel, and remains a major challenge for nutrition.
VFCs may be very useful in nutrition education as a means of demonstrating food effects. The graphical presentation of VFCs in the outputs from nutrition management systems, such as is shown in Figures 3 and 4 , demonstrates the benefits of appropriate food choices. The VFC, although a virtual food component, is a demonstration of an actual relative effect, whereas a value for an actual food component is an analytical measure from a food without reference to effect, and does not include the modulatory influences of the gut.
Conclusion
This paper has proposed a new way of presenting the relative functional efficacy of foods. VFCs are continuous variables designed to provide end users with the possibility of accurately selecting foods for some health effects, and with freedom from reliance on health claims. It has addressed a large number of points to consider when developing and assessing VFCs. These points should be seen as goals and guidelines, because the task of developing full VFC data sets that satisfy all of the VFC evaluation criteria proposed will be difficult, as new foods, assessment methods and understandings of the causal factors in disease will continually appear. The criteria for evaluating VFCs provide a checklist for identifying points where further research is required to direct development of a VFC.
VFCs are a new concept, and data required for them to be widely applied are not yet available. Presenting the concept is a first step, which, it is hoped, will lead to data consolidation to allow the concept to be put into practice.
